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Very recently 63CuNMR has been shown to be extremely sensitive in detecting
and differentiating between the precipitate phases that form in Al–Cu alloys
during heat treatment. This technique is now used to quantify the effectiveness
of small additions of Sn to the alloy Al–1.7 at.%Cu in promoting the rapid
nucleation and growth of the 0-phase precipitate. Two parallel series of
63CuNMR spectra were recorded for Al–1.7 at.%Cu and Al–1.7 at.%Cu–
0.01 at.%Sn: (i) aged at 1308C to observe the comparative rate of phase
evolution and (ii) aged at 2008C to observe the rate of growth of 0-phase and
to compare with the Vickers hardness of the alloys aged at 2008C for
similar periods. Evidence is presented that a metastable precursor phase to 0
(labelled 0Sn) is formed in Al–Cu–Sn which transforms to 
0 on further aging.
1. Introduction
The prime analytical tool for examining the formation and structure of the precip-
itates in aluminium (and other) alloys is currently transmission electron microscopy
(TEM). Such studies yield the morphology and crystal structure of the precipitates
and their orientation relative to the host aluminium matrix.
The original and archetypal study of aluminium, containing 1–2 at.% of copper,
used X-ray diffraction (XRD) to identify the precipitate phases, both non-equilibrium
and equilibrium, that form during thermal aging. ForAl–Cu alloys, three distinct non-
equilibrium phases were originally identified [1] as forming in the course of thermal
aging, namely Guinier–Preston (GP) zones, 00-phase and 0-phase before the final
equilibrium -phase, where 0- and -phase are structural variants of Al2Cu.
It was observed soon after the identification of these phases that Sn, Cd and In
additions in amounts of the order 100–1000 atomppm to Al–Cu considerably
stimulated the aging process at elevated temperatures with consequential rapid
development in the mechanical properties [2, 3]. In particular it was shown that
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for Al–Cu–Sn the observed rapid increase in hardness, compared to Al–Cu, on
aging was due to the accelerated appearance and finer dispersion of 0-phase [4–6].
The role of Sn in assisting the nucleation of 0-phase in Al–1.7Cu–0.01Sn has recently
been investigated by high resolution transmission electron microscopy (TEM) [7–10].
It is important to be able to determine the concentration of a given precipitate
type as a function of aging time or mechanical treatment in order to correlate the
concentration with a particular mechanical property, such as hardness or yield
strength. In many of these alloys a number of distinct precipitate phases can form,
some of which may coexist over a range of processing conditions. Although TEM
has the virtue of providing precise crystallographic information about the
precipitates, the submicron scale field of view and the existence of many overlapping
crystallites make it difficult to obtain a bulk estimate of concentration.
High field NMR spectroscopy of age-hardenable dilute alloys (e.g. Mg–Al,
Al–Mg, Al–Sc, Al–Cu) has been recently demonstrated to be an extremely effective
technique for determining precipitate concentrations, e.g. Mg17Al12 in Mg–Al [11],
Mg5Al8 in Al–Mg [12] and ScAl3 in Al–Sc [13]. For Al–Cu alloys
63CuNMR
spectroscopy has been used to determine the concentration of Cu atoms, during
the various stages of age-hardening, in (i) random substitutional sites in the alumin-
ium fcc -phase, (ii) GP zones, (iii) 00-phase, (iv) 0-phase and (v) -phase [14]. In Al
alloys where Cu is one of a number of alloying species the technique is equally
effective, since it is element selective. The NMR frequencies of the isotopes of the
other elements present are well separated and only the selected element is detected.
In the present investigation the phases containing Cu are detected in the form of
spectroscopically resolved 63Cu spectra. The distribution of the total Cu between the
phases present in the alloy specimen is given by the relative areas under the various
component lines of the 63CuNMR spectrum.
The assignment of a 63CuNMR line to a precipitate phase is based on the
original X-ray and hardness measurements [1]. Silcock et al. [1] determined that
GP zones, 00- and 0-phases were individually dominant after a given time and
temperature following solution treatment and quenching. Repeating these treatment
conditions with powder specimens for NMR revealed in each case a corresponding
dominant line in the 63Cu spectrum which was then identified with the respective
precipitate phase. The -phase line was determined from spectra taken rapidly after
solution treatment and quenching, and the final equilibrium -phase was identified
by comparison with a spectrum taken from powder crushed from a stoichiometric
Al2Cu ingot prepared in an argon arc furnace. Further details have been previously
given [14].
It should be emphasized that the NMR technique provides a completely new
method of ‘viewing’ GP zones and the various -phases and provides a bulk quanti-
tation essentially impossible to obtain by diffraction methods. The ability to measure
the concentration of GP zones in Al–Cu by NMR has recently proved crucial to
verifying the role of secondary precipitation as the mechanism involved in achieving
enhanced strength and hardness in Al–Cu alloys by the process of interrupted
aging [15]. It is also important to note that the amount of Cu solute remaining in
the host lattice (-phase) at any stage in the heat treatment can be simply determined
from the integrated -phase line intensity in the spectrum.
2758 T. J. Bastow et al.
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The present 63CuNMR investigation was undertaken to determine the relative
development of the , GP zones, 00 and 0-phase sequence of phases during various
isothermal aging treatments. The measurements for specimens aged at 1308C were
made to examine the early stages of precipitate phase evolution. The 2008C measure-
ments were used to give an alternative demonstration that the more rapid increase
in hardness of Al–1.7Cu–0.01Sn relative to Al–1.7Cu correlates with the more rapid
formation of 0-phase in the Sn-containing alloy [4, 5].
An unsuccessful attempt was made, using 119Sn as a NMR probe, to observe
Sn initially in the solid solution of Al–1.7Cu–0.01Sn, or subsequently in crystallites
of -Sn in the matrix after heat treatment. The failure to observe a signal was
attributed to the low level (100 atomic ppm Sn) in the specimen.
2. Experimental
The alloy NMR specimens were prepared from Al–1.7Cu and Al–1.7Cu–0.01Sn bulk
specimens by filing and sieving to 160 mm. The powder (500mg per specimen) was
then sealed in a glass tube under argon and solution treated by annealing at 5358C
(808K) for 1 h and quenching rapidly (the glass shattering on entry) into iced water.
The water was then decanted off and the powder washed with ethanol and dried
at room temperature. The alloy powders were then aged in constant temperature oil
baths for up to 530 h at 130 and 2008C. The aging stages at 1308C followed those
used in the work of Silcock et al. [1], in which the various phases were identified
from X-ray measurements. After each aging period the specimens were rapidly
cooled to ambient laboratory temperature and the accumulation of the 63CuNMR
spectra started. Each accumulation took approximately 16 h at ambient laboratory
temperature.
The spectrometer was a Bruker Avance 400 operating around 106.25MHz (63Cu)
in a nominal field of 9.4 T. All measurements were performed with a static sample
using a two-pulse echo sequence with equal duration pulses with a pulse sequence
repetition rate of 20Hz. The spectra were obtained by collecting the whole echo,
which was then Fourier transformed to give the absorption lineshape. The pulse
widths were typically 3 ms with an irradiation bandwidth of 330 kHz. The loading
caused by Joule losses in the metal particles of the specimen lowered the bandwidth
of the probe, decreasing the sensitivity but increasing the probe bandwidth to
approximately 2MHz. The Avance transmitter is broadbanded, as is the receiver,
so that the range over which the spectrum is detected at a given operating frequency
is limited only by the pulse bandwidth (i.e. the inverse of the pulse duration). The
frequency shift for NMR spectra is conventionally put in dimensionless form with
the shift from a convenient reference frequency divided by the operating spectrom-
eter frequency, and given in parts per million (ppm). For metals these are referred to
as Knight shifts. The reference zero frequency shift for 63Cu was for the dielectric
solid CuCl. As indicated above, the 3 ms pulses used in this work excite a power
spectrum with a frequency range of 330 kHz (i.e. 3100 ppm). The operating
frequency of the spectrometer was therefore centred midway between the  and 0
phases, which are the furthest separated lines excited in this investigation. The lines
observed for -phase, GP, 00, x and 
0-phase structures were relatively narrow and
Effect of alloys in promoting transformations on aging 2759
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devoid of quadrupolar structure [16], and the values for the isotropic Knight shift
(Kiso) in these cases were taken as the peak shifts. These have been given previously
[14] and are reproduced for reference purposes (with minor changes) in table 1.
All spectra were obtained at ambient laboratory temperature (218C).
3. Results and discussion
3.1. 1308C aging: Al–Cu
Figure 1a shows GP appearing within the acquisition time (16 h) of the spectrum
taken immediately after solution treatment and quenching, and then the gradual
development of 00 at the expense of  and GP. Note that the spectra are displayed
with the highest amplitude peak plotted at a fixed height. However the integrated
area under the spectrum always represents 1.7 at.%Cu.
After the aging at 1308C commences the spectroscopic frequency resolution
between the  and GP lines increases due to the improved crystallographic definition
and size of the zones. Initially there is some reversion to the -phase from GP zones
below a critical size and then growth of the zone line. After 34 h the 00 line appears
and progressively grows at the expense of the Cu in the -phase and GP zones.
After 242 h the 00-phase is dominant. After 530 h a very small but distinct amount
of x and 
0-phase has formed (figure 2a). Very recent NMR work on Al–1.7Cu
specimens aged at different temperatures [17] has made it seem probable that the
phase represented by the x line is not a surface modification of 
0 as originally
conjectured [14] but an elaboration of the initial two-Cu-layer 00 structure with
three (or more) Cu layers which can be observed to form before the 0-phase appears.
The x line is due to an internal Cu layer in this structure.
3.2. 1308C aging: Al–Cu–Sn
Figure 1b shows that after solution treatment and quenching the Cu in the -phase
remains stable in solid solution, not evolving to GP zones, even after 2 h at 1308C.
The presence of Sn is clearly demonstrated to inhibit the vacancy assisted diffusion
process that enables the rapid formation of GP zones at room temperature in Al–Cu.
A mechanism in terms of vacancy binding to the solute atom has previously
been proposed for this phenomenon [18]. The GP zone line appears after 9 h
and has become more intense after 32 h. After 48 h lines for 00, x and 
0 phases
Table 1. 63Cu Knight shifts Kiso (10 ppm) for non-equilibrium precipitate phases
in Al–Cu alloys.
Cu(Al)a GP zone 00 x 
0
3450 3140 2650 2150 1860
aThe Cu(Al) line from Cu in substitutional sites in the Al fcc host lattice in Al–1.7 at.%Cu
has a shift of 3250 ppm immediately after solution treatment and quenching, but as the
substitutional sites are progressively depleted during aging to form precipitate phases the
63Cu shifts asymptotes to 3450 ppm.
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are clearly resolved and continue growing on further aging, with 0-phase
becoming dominant after 242 h. Note the simultaneous presence, after 95 h, of ,
GP, 00, x and 
0 phases, so that all the earlier phases may be feeding the growth of
the 0-phase.
The line for the 0-phase, which appears very broad on initial formation (48 h),
has a distinct shoulder on the low frequency (right-hand side) after 95 h. This
shoulder (labelled 0Sn) becomes lower in relative intensity after 242 h, and after
530 h (figure 2b) has essentially disappeared.
It is conjectured that the 0Sn component of the 
0 line represents another crystal-
lographically distinct (metastable) form of 0 nucleated by the -Sn nanocrystals
which form as the Sn comes out of solid solution. On further aging 0Sn transforms
to the more stable 0. The structure that gives rise to the 0Sn component may be
the same as that reported from single crystal X-ray diffraction studies [6, 19].
For Al–Cu–X alloys (where X¼ Sn, Cd, In) Silcock observed additional reflections
(termed P) to those for 0, which were considered to be possibly due to the inclusion
of X in 0 in regularly spaced (001) planes.
It should be noted that no comparable shoulder has been observed in Al–1.7Cu
during 0 evolution at 150, 165 or 1908C [14, 17].
The difference in phase content of Al–Cu and Al–Cu–Sn after aging at 1308C for
530 h is shown in figure 2a which displays the advanced growth of the 0-phase
in the Sn-containing alloy at the expense of the  and 00 phases which are still the
dominant phases in the alloy without Sn.
6000 4000 2000 0 6000 2000 0
GP
4000
130°C
ppm
stq
2 h
10 h
34 h
48 h
95 h
242 h
a
q≤
q¢
GPa
q≤
Al–Cu Al–Cu–Sn
GPa
Figure 1. 63Cu spectra: Al–Cu and Al–Cu–Sn aged at 130C for up to 242 h.
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3.3. 2008C aging: Al–Cu
The GP zones which form during the spectrum acquisition period after solution
treatment and quenching are of subcritical size and rapidly revert to ; a process
which is complete at the latest after 15min aging at 2008C (figure 3a). Small amounts
of 00, x are observed to form during the evolution to the dominant 
0-phase
component after 101 h. The amount of Cu in -phase is observed (in both alloys)
to decrease to near equilibrium concentration after this time.
3.4. 2008C aging: Al–Cu–Sn
Figure 3b exhibits the faster formation of 0 in Al–Cu–Sn compared to Al–Cu.
Note that there is no apparent 0Sn shoulder contribution to the 
0 line so that
presumably the formation of 0Sn is either bypassed or it forms and transforms to
0 very rapidly at this temperature.
The growth of 0-phase in the 2008C aging spectra for both alloys as a function of
aging time has been plotted as a ratio of Cu in 0-phase to the total Cu in the alloy
in figure 4. The respective amounts of Cu were determined by integration under the
peaks of the spectra, and the scaling constant in the vertical axis eliminated by taking
a ratio. The total Cu is mainly the sum of 0 and  with some contribution from
00 and x in the case of Al–Cu. The accelerated growth of 
0-phase in the alloy with
Sn is clearly exhibited.
3.5. Hardness
As referred to in section 1 a striking difference in the time development of peak
hardness in Al–Cu alloys due to Sn addition was first observed over fifty years ago
[2, 3]. A measurement of Vickers hardness number (VHN) for each of the two alloys
a
q≤
GP
q¢qx
a q≤
GP q¢
q¢Sn
530 h
Al–Cu
Al–Cu–Sn
95 h
130°C
5000 4000 3000
530 h
2000 1000 0 5000 4000 3000 2000 1000 0
ppm
Al–Cu–Sn
Figure 2. 63Cu spectra: extended aging at 130C; (left) Al–Cu and Al–Cu–Sn aged for 530 h
and (right) Al–Cu–Sn aged for 95 and 530 h.
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5000 4000 3000 2000 1000 0 5000 4000 3000 2000 1000 0
a
q¢
q¢
q≤
qx
a GP
aq
15 m
1 h
3 h
10 h
31 h
101 h
ppm ppm
Al–Cu Al–Cu–Sn
a
200°C
Figure 3. 63Cu spectra: Al–Cu and Al–Cu–Sn aged at 200C for up to 242 h.
0
0.2
0.4
0.6
0.8
1
0.01 0.1 1 10 100 1000
Aging time (h)
Fr
ac
tio
n 
of
 q
¢
Al–Cu
Al–Cu–Sn
Figure 4. Growth of 0-phase in the 200C aging spectra for Al–Cu (^) and Al–Cu–Sn (œ)
as a function of aging time. The vertical axis gives the ratio of Cu in 0-phase to the total Cu
in the alloy.
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aged for up to 200 h at 2008C is shown in figure 5 (bottom) which has been adapted
without essential change from [9].
Focusing on the VHN value for each of the two alloys aged for 3 h at 2008C
it can be seen from figure 5 (top) that this difference can be satisfactorily cor-
related with the difference in the 0 concentration as measured by 63CuNMR.
Figure 5. Al–Cu and Al–Cu–Sn aged at 200C; (top) 63Cu spectra after 3 h, (bottom)
Vickers hardness at up to 240 h.
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Previous results from XRD, TEM and DSC [4–6] have attributed the rapid hard-
ening mechanism in Al–Cu–Sn to the finely dispersed nature of the 0 precipitate. It
should be noted that previous work has shown that the additional property of a
finely dispersed 0 precipitate is apparently largely responsible for the increased
hardness in Al–Cu–Sn [4, 5].
4. Conclusions
The results obtained from the 63CuNMR spectra may be summarized as follows.
(1) Aging Al–1.7Cu–0.01Sn at 1308C produces the sequence of phases
(-phase, GP zones, 00, x and 
0) as observed previously in Al–1.7Cu [14].
All five phases were observed in the Sn-containing alloy after 95 h (figure 1).
In contrast Al–1.7Cu exhibits only -phase, GP zones and 00 after 242 h
at 1308C.
(2) For Al–1.7Cu–0.01Sn GP zones did not form spontaneously at ambient
laboratory temperatures after solution treatment and quenching. The Cu
was still in solid solution after 2 h at 1308C. In contrast, the Cu in
Al–1.7Cu had largely (70%) diffused out of solid solution to form GP
zones during the time (16 h) required to gather the ‘as-quenched’ spectrum.
This result supports the theory that Sn binds the otherwise mobile vacancies
that enable rapid GP formation at low temperatures.
(3) A possible metastable precursor phase to 0 (labelled 0Sn) has been observed
after 50 h at 130C in Al–Cu–Sn which transforms to 0 on further aging.
This result is consistent with the report by Silcock and Flower [19] of a phase
in which Sn is regularly incorporated in the 0-phase.
(4) At an aging temperature of 200C Al–1.7Cu–0.01Sn moves rapidly through
the early phase sequence to reach 0-phase considerably faster than for
Al–1.7Cu. The presence of Sn eliminates the appreciable content of GP
and 00 at all stages of aging at this temperature. In contrast, for Al–1.7Cu
GP is present very rapidly after solution treatment and quenching and 00
is clearly present at up to 10 h aging.
(5) The marked increase in hardness of the Sn-containing alloy in Al–Cu–Sn
relative to the alloy without Sn is shown to correlate in time with the earlier
appearance of 0-phase in Al–Cu–Sn compared to Al–Cu.
Some of these conclusions have been reached previously by other workers using
different techniques, such as hardness, differential scanning calorimetry and trans-
mission electron microscopy. The new results presented here are the unambiguous
detection and quantitation of all Cu-containing phases, allowing a new ‘view’ of the
dynamics of phase formation and decay. The NMR technique could readily be used
for a determination of the kinetics of these transformations since all phases present
in the specimen can be simultaneously and quantitatively detected at each aging
stage. One of the vital pieces of information for this purpose, which NMR can
uniquely determine, is the amount of solute present in solid solution in the host
lattice.
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